INTRODUCTION
Glutathione (GSH) (I) has an important detoxifying role in cells, and is also a cofactor for many dehydrogenases (Koivusalo et al., 1982) . Two of us have confirmed that it is implicated in formaldehyde detoxification in Escherichia coli by demonstrating the intracellular formation and enzymic consumption of the hemithioacetal adduct S-hydroxymethylglutathione (GSCH20H) (II) (Mason et al., 1986) ; this is probably the true substrate for formaldehyde dehydrogenase. In the course of that work we noticed that mixtures of GSH Vol. 249
hyde and GSCH20H. We now report on the structures of two of these new products, which are cyclic 1:1 and 1:2 adducts in labile equilibrium with each other. The strategy used in this work has been to use n.m.r. spectroscopy to define the chemical environment of the formaldehyde-derived carbon atoms, f.a.b. m.s. to determine the molecular mass of the adducts (Barber et al., 1981a,b) and fragmentation patterns in a c.a.d. tandem mass spectrum to locate the added carbon atoms (for reviews see McLafferty, 1983; Yost & Fetterolf, 1983 (Sanders & Hunter, 1987) (Sanders & Hunter, 1987) failed to yield useful spectra.
In an attempt to discover which functional groups of GSH were involved in the observed chemistry, we also looked at the reaction of S-methylglutathione (GSMe) and several amino acids with formaldehyde. Above (IV) adduct. Below pH 8.5, the only observed reaction was slow growth of a signal at 61.3 p.p.m., but, significantly, none at 61.9 p.p.m. In view of this simplicity, we assigned the natural-abundance 13C spectrum of GSMe by twodimensional 'H-'3C correlation, and repeated the reaction with formaldehyde labelled only with 10 '3C. On adduct formation, the Glu a-carbon atom signal shifted from 58 to 67 p.p.m., while that of the Glu ,-carbon atom moved from 28 to 27 p.p.m.; there were no other significant shifts. The conclusion to be drawn from these observations is that the 61.3 p.p.m. signal in the GSMe adduct (and, by implication, the GSH adduct) arises from the seven-membered ring adduct shown (III).
Further evidence that the N-terminal nitrogen atom and the sulphur atom were the most reactive sites of hydroxymethylation came from attempting to make NSdiacetylglutathione react with ['3C]formaldehyde. Under neither acidic nor basic conditions were adducts detected by using "3C n.m.r. and f.a.b. m.s.
Reaction of ["3C] formaldehyde with N-acetylcysteine gave only the expected SCH2OH adduct resonating at 66.6 p.p.m., whereas reaction with cysteine itself also gave a 54 p.p.m. signal. The latter shift is characteristic of CONHCH2S groups (Tome & Naulet, 1981) , and implies formation of a cyclic adduct. In the cysteine adduct this is necessarily a five-membered ring (IV), but in the corresponding GSH adduct a six-membered ring (V) is also possible. M.s. confirms the six-membered ring structure (V) (see below).
In model studies, no products exhibiting a 44 p.p.m. 13C resonance were obtained, and the structure of that adduct remains unknown. Conditions for f.a.b. m.s. In order to simulate, in an f.a.b.-m.s. matrix, conditions under which adducts are normally formed by reaction between GSH and formaldehyde, both acidic and basic matrices were required. Saito & Kato (1984) used dimethyl sulphoxide glycerol as a matrix to monitor the formation in situ of GSH-arylnitroso adiducts, but we observed only a limited increase in ion abundance when this combination was used (relative to the signal observed with aq. glycerol alone). For 5% (v/v) Table 2 ). The molecular masses of the two adducts were 335 and 317 Da (incorporating [12C]-formaldehyde). The increase in molecular mass of the adducts from GSH corresponds to addition of formal- Further experiments were carried out in which both GSH (I) To obtain information on the c.a.d. of the GSH backbone, initial studies were carried out on the parent peptide. The c.a.d. f.a.b. mass spectra of GSH were obtained in the positive-ion (Fig. 2a) and negative-ion (Fig. 2b) modes. The origins of the fragments are indicated in the Figures.
The interpretation of the positive-ion spectrum was supported by comparing the spectrum with the corresponding spectrum (Fig. 3) of GS13CH2OH. Thus in the latter spectrum the ions observed at m/z 162 and 179 in Fig. 2(a) , should appear at m/z 193 and 210 if the ["3C]formaldehyde was added at the sulphur rather than the nitrogen atom; these peaks are observed, and exemplifies how c.a.d. tandem m.s. can be used to determine the location of the added formaldehyde.
The positive-ion c.a.d. f.a.b. mass spectrum of the adduct (from reaction with ['3C]formaldehyde) previously d-educed to have the monocyclic structure (V) was then obtained (Fig. 4a) . The most abundant fragment ion occurs at m/z 192. The mass of this ion is in accord with the cleavage shown in the Figure, which was also observed in GSH and GSCH2OH. Thus the "3CH2 unit, which has been incorporated via addition followed by water loss, must be attached at a site other than the yglutamic acid residue, in accord with the assigned structure. It is clear from the spectrum that in the aqueous matrix a small amount of the adduct has produced GSH (m/z 308); fragmentation of this hydrolysis product will produce m/z 179, as in the case of GSH itself (Fig. 2a} .
The negative-ion c.a.d. f.a.b. mass spectrum of the same adduct is reproduced in Fig. 4(b) . The only fragment ions of significant abundance occur at m/z 128 and 143.
Linked scan experiments (carried out on the [2H21-formaldehyde adduct) showed that both m/z 128 and 143 arise directly from the parent ion at m/z 320.
Additionally, the spectra of the adducts with either [2H2]-formaldehyde or [13C]formaldehyde afforded only m/z 128 and 143, establishing that these fragments do not retain the methylene group incorporated from formaldehyde. This obervation is consistent with their origins as shown in Fig. 4(b) , which is analogous to that proposed in Fig. 2(b) . These findings are not only in accord with the proposed structure (V), but also exclude the alternative structure (IV). In this latter structure the formation of m/z 143 is precluded by the ring of which the cysteine residue a-CH-N bond is a part.
The positive-ion and negative-ion c. Matrices. All matrices were vacuum-distilled before use. Glycerol, thioglycerol and 15-crown-5 were purchased from Sigma Chemical Co.
Mass spectra. All f.ab. mass spectra were recorded on one of the following instruments.
(a) Kratos MS50 operating at 8 keV. The instrument was equipped with a standard Kratos FAB source and an Ion Tech gun. The energy of the primary atom beam was 8 keV at an ion current of 40 ,uA. Xenon was used as the source of high-energy atoms in the primary beam. Spectra were obtained with a magnet scan rate in the range 30-100 s per decade with a magnet of 10000 Da mass range at 8 keV. The source pressure was typically 1.3 mPa (10'-Torr).
Samples were deposited on an acid-etched stainlesssteel probe tip, and a measured amount (normally 21,) of matrix was delivered to the probe with a Hamilton syringe. The sample and matrix were thoroughly mixed, then subjected to f.a.b. m.s.
(b) F.a.b. m.s.-m.s. data were obtained on a VG7070EQ mass spectrometer. The instrument had a standard VG f.a.b. source (1.3 mPa) and an Ion Tech gun (xenon beam operated at 8 keV). Spectra were obtained with a magnet scan rate in the range 5-30 s per decade with a magnet of 2000 Da mass range at 6 keV. Typical collision-cell conditions were 20-30 eV collision energy at a pressure of 0.13 mPa with argon as the collision gas. The mass range of the second quadrupole was 1200 Da. The data were processed by a Digital PDP8/A computer system. N.m.r.
Solutions (10-50 mM) of labelled formaldehyde were prepared as described previously (Mason et al., 1986) , and were added to solutions of GSH; the pH was adjusted with NaOH. The 100.6 MHz '3C spectra were acquired at ambient temperatures on a Bruker WH 400 instrument. In all 50-500 transients were collected into 8K data points across 29000 Hz, with 500 pulses and a 1 s relaxation delay between pulses. 
